A miniature mechanical seal with the cooling water circulating system has been developed as a solution of the shaft seal problems in rotary blood pumps. The present paper describes the effect of the surface roughness in the sealing gap on the shaft seal problems under blood sealing. The sealing surface roughness of tested three seat rings were designed to be Ra=0.009, 0.088 and 0.170µm. The frictional loss torque in the sealing gap and the leakage of the blood and the cooling water were measured in this work. Results show that the maximum frictional loss torque measured in the seat ring of Ra=0.009µm, and the frictional loss torque decreased as the surface roughness increased. The leakage rate of the cooling water is larger than that of the blood in all seat rings, even though the blood chamber has higher pressure. The sealing characteristics between under the blood and water sealing were different. Moreover, the best surface roughness in the torque and the leakage characteristics were also different. Thus, it is important to study under blood sealing in the design of the surface roughness of the mechanical seals for rotary blood pumps.
Introduction
Shaft seals for rotary blood pumps have a lot of lubrication problems peculiar to blood, in addition to the problems of the friction, wear and leakage in the sealing faces. Yamazaki, et al.(1996) and Tomioka, et al.(1998) attempted to apply lip seals to axial flow-type ventricular assist devices. However, there was a problem of heavy wear in both the shaft and the tip of lip seals. On the other hand, Tomioka, et al.(2003) and Arioka, et al.(2006) tested the potentials of magnetic fluids as the shaft seal. It was, however, hard to be a long-term use because of low durability. To avoid these complicated and difficult shaft seal problems, Yamane, et al.(2006) and Kosaka, et al.(2006) attempted to install pivot bearings or hydrodynamic bearings to support an impeller. However, there may be several problems remain to practical uses because of heat and hemolysis caused by high shear stress in the bearing part. Recently, ventricular assist devices with magnetically suspended impellers have been developed, but their structures are much more complicated (Nojiri, 2006) . Yamazaki, et al.(1997a Yamazaki, et al.( , 1997b , therefore, has developed a mechanical seal with a cooling water (C.W.) circulating system for lubrication, cooling and washing in the sealing faces as a solution of the shaft seal problems. In additions, they applied the mechanical seal to axial flow-type and centrifugal flow-type ventricular assist devices and evaluated the performance from not only sealing tests itself but also chronic animal experiments.
However, for this mechanical seal, the surface roughness on the sealing faces that affects the sealing properties has been designed based on experiences in general industrial machinery. Tomioka and Miyanaga(2007) , therefore, investigated how the surface roughness affects the shaft seal characteristics for the rotary blood pumps. However, the study used pure water instead of blood as the sealed fluid in order to avoid blood-related problems.
This study establishes a method of the seal test using blood and investigates the effect of the surface roughness on Figures 1 and 2 depict a cross section of a rotary blood pump and an enlarged view of the mechanical seal section, respectively. The shaft seal for the rotary blood pump is required to prevent the leakage of blood from the impeller side to the motor side. However, since it is impossible to completely prevent the inflow of blood in the sealing gap, the blood-related problems such as hemolysis and denaturalization can be occurred. As shown in Fig.2 , therefore, C.W. is circulated between the mechanical seal and the external reservoirs to lubricate, cool and wash the sealing faces. On the other hand, the mechanical seal is required to prevent the leakages of not only blood but also C.W. from the motor side to the impeller side. This study investigates the effect of the surface roughness on the sealing faces in such shaft seal system. Figure 3 shows an experimental apparatus simulating the sealing performance of the rotary blood pump shown in Fig.1 . An impeller is removed from the apparatus to focus on the shaft seal characteristics. The blood chamber is being pressurized at 0.013 MPa (100 mmHg) in order to simulate a clinical use environment. The C.W. is circulated by a roller pump. The mechanical seal in the apparatus also separates the sealed fluid in the chamber and the C.W.. The rotating speed of the shaft is controlled by a DC motor, and the contact force of the sealing surfaces is set by adjusting the distance between the magnets providing a repulsive force.
Experimental apparatus
The mechanical seal is constructed of a Sic seat ring and a carbon graphite seal ring. The seal ring is rotated with the shaft while the seat ring is fixed. The inner and outer diameters of the seal ring are 8.2 and 11 mm, respectively, while those of the seat ring are 7 and 13 mm, respectively. The surface roughness on the sealing face of the seal ring is Ra=0.093 µm, while those of the seat rings are Ra=0.009, 0.088 and 0.170µm, similar to the previous research (Tomioka and Miyanaga, 2007) . Their flatness is 0.3µm or less.
Experimental method 2.3.1 Preparation of blood
Porcine blood is used as the sealed fluid in this study. To avoid the degradation of the quality of blood including hemolysis, the experiment must be done less than 3 h, and it is necessary to prepare new blood at every experiment. Thus, in order to avoid individual variability of blood, the hematocrit level of blood (Ht level), which is the ratio of formed elements in blood, is made to be 30 % at every sealing test. 
Measurement method of the frictional loss torque
The frictional loss torque is measured by a torque meter mounted between the motor and the shaft. The measurements are conducted for the various rotational speeds and the contact forces, and the Stribeck curves are drawn to discuss the lubrication conditions. The Stribeck curve plots the Stribeck number G in the horizontal axis, and the frictional coefficient µ in the vertical axis. These values are calculated from Eqs.(1) and (2) 
Measurement of the leakage rates
The leakage rates are measured by an ion chromatography. This method can measure micro-leakage rates by adjusting the ion concentrations of fluids. This study evaluates the amount of the leakage in both directions.
The sodium ion that is in blood with relatively large amount is focused when the volume of blood leaked into the C.W. side (leakage of blood) is determined, as shown in Fig.4 . When blood leaks into C.W., the sodium ion also moves into C.W. through the seal gap. Thus, the concentration of the sodium ion in C.W. must change. The leakage of blood are calculated by Eq.(3). In this measurement, blood proteins in C.W. samples are filtered by ultra-filter units with molecular weight cut off of 10,000. The preliminary experiments confirm that the ion concentration does not change by the filtrations.
The lithium ion that is not present in blood is added in C.W. when the volume of C.W. that leaked into the blood side (leakage of C.W.) is determined, as shown in Fig.5 . The lithium ion is detected accurately by the ion chromatography. This method can be applied to micro-leakages by adjusting the lithium ion concentration of C.W.. In this study, 1 %wt lithium ion solution is used as C.W.. After filtered blood components of samples, the concentration change of the lithium ion in the sealed blood is detected. 
Cooling The sealing test is conducted less than 3 hours from the viewpoint of the quality of blood. The sampling is done every hour. Table 1 lists the experimental conditions. The frictional loss torque is measured with the rotational speed of 1000 to 8000 min -1 . The contact force is ranged from 3.14 to 5.14 N at 0.5 N increments. In contrast, both of the leakages are measured every hour with the rotational speed of 3000 min -1 and the contact force of 4.14 N. Note that these operating conditions for the leakage measurement simulate the actual rotary blood pumps.
Experimental conditions
In this study, porcine blood with Ht level of 30 % is used for the sealed fluid while pure water for the C.W.. The experiments are conducted at 298.15 K. The viscosities of the blood and the C.W. measured by a capillary viscometer was 3.424 and 0.945 mPa･s at 298.15 K, respectively. Figure 6 indicates the relationship between the frictional loss torque and the rotational speed. The rotational speed is changed and the contact force is made to be constant, 4.14 N. In all seat rings, as the rotational speed increases, the frictional loss torque decreases and then increases. The frictional loss torque in the seat ring of Ra=0.170µm is the lowest in all rotational speeds ranged in this study. In the low speed region, below 2000 min -1 , as the rotational speed decreases, the frictional loss torque in the seat ring of Ra=0.088 µm increases rapidly. This is because the surface roughness of about Ra=0.088 µm is necessary to adsorb blood components which flowed in the seal gap on the sealing faces and these adsorbed matters affect the increase of the frictional loss torque. On the other hand, in the seat ring of Ra=0.009 µm, it is considered that the effect of the adsorption becomes smaller because of the lower surface roughness, as the result, the frictional loss torque does not increase rapidly. Figure 7 shows the effect of the contact force on the frictional loss torque. The rotational speed is made to be constant, 3000 min -1 . The frictional loss torque is minimum in the seat ring of Ra=0.170 µm. Among three seat rings used in this experiment, the frictional loss torque increases as the surface roughness decreases. Figure 8 depicts the Stribeck curve obtained from this study. For the comparison, this chart includes the results not only under the blood sealing but also under the water sealing. In the seat rings of Ra=0.009 and 0.088 µm, the mechanical seals are operated in the fluid lubrication regime under the water sealing while in the mixed lubrication regime under the blood sealing in almost all measurement conditions. This is because that boundary films by blood on the sealing faces change the lubrication conditions to the pseudo-mixed lubrication. Moreover, it is supposed that blood components including proteins in the seal gap increase the apparent frictional coefficient.
Experimental results and discussion 3.1 Frictional characteristics
On the other hand, in the seat ring of Ra=0.170 µm, there is no noticeable difference between in the frictional coefficients under the blood and water sealing. It is considered that in the seat ring, the change in the lubrication condition caused by blood components is smaller since the seal gap becomes large compared to others. Figure 9 shows the relationship between the frictional loss torque and the surface roughness. The rotational speed and the contact force simulate the practical operating conditions of the rotary blood pumps. This figure shows that under the blood sealing, the frictional loss torque decreases as the surface roughness increases. On the other hand, under the water sealing, the frictional loss torque has the minimum value in the seat ring of Ra=0.088 µm. It can be said that the effect of the surface roughness on the frictional loss torque under the blood sealing is different with that under the water sealing.
In order to discuss the lubrication conditions under blood sealing, the torque characteristics are investigated by using blood (Ht 30 %), blood plasma (i.e. Ht 0 %), 25% ethylene glycol solution (EGS) whose viscosity is almost equal to blood plasma, and pure water. The seat ring of Ra=0.088 µm is used in this test. Figure 10 depicts the relation of the frictional loss torque and the rotational speed. The results under the blood-related fluids are different from those under the EGS or the pure water. Under the blood or blood plasma sealing, the frictional loss torque decreases with increasing the rotational speed up to about 4000 min -1 . In these cases, the mechanical seal are operated in the mixed lubrication regime. In contrast, under the EGS or pure water sealing, the lubrication conditions shift to the fluid lubrication regime after the shaft starts rotating, and the frictional loss torque increases as the rotational speed increases.
The comparison of the results between the blood-related fluids implies that the blood plasma flows into the sealing gap under blood sealing and affects the shaft seal characteristics because their torque characteristics are almost equal.
The good agreement of the experimental results for the blood-related fluids and the EGS over 5000 min -1 suggests that above the rotational speed, the lubrication condition shift to the fluid lubrication regime.
It is concluded from these results that blood plasma have the most effect on the frictional characteristics among blood components. Figure 11 shows that under the water sealing, the leakage rate increases lineally as the surface roughness increases. However, this trend is different with that under the blood sealing.
Leakage characteristics
On the other hand, the leakage rates of the C.W. under the blood and water sealing have same trend, as shown in the comparison between the leakage rates of the sealed fluid ( Fig.11 ) and the C.W. (Fig.12) , the former is larger under the water sealing. This is because that there is the pressure difference between the inner and outer edges of the mechanical seal. However, the leakage rate of the C.W. under the blood sealing slightly exceed the leakage of the blood against the pressure difference. It is supposed that under blood sealing, the boundary films formed in the sealing gap by blood components such as proteins decrease the leakage of blood by the pressure difference (Yamazaki, et al., 1997b) .
On the other hand, since it is unlikely that C.W. leaks to the blood side against the pressure difference, it is supposed C.W. leaks by forcible mixing in the sealing gap. Thus, the leakage rates of the C.W. under the blood and water sealing have almost same values. 
Discussion 3.3.1 Effect of the surface roughness
As mentioned in section 3.1, the minimum frictional loss torque under the blood sealing is appeared in the seat ring of Ra=0.170 µm. Thus, it can be said that from the view point of the torque characteristics, the best surface roughness is Ra=0.170 µm. On the other hand, as mentioned in section 3.2, the minimum leakage rates of the blood and the C.W.
under the blood sealing are appeared in the seat ring of Ra=0.009 µm. Thus, it can be said that from the view point of the leakage characteristics, the best surface roughness is Ra=0.009 µm.
The optimal surface roughness determined from the torque and leakage characteristics are different as described.
For the mechanical seal, there is a fear of the distraction of the sealing function by heat due to the increase of friction.
On the other hand, the increases of the leakage rates of blood and C.W. lead to the crisis of life. As the results, it can be concluded that the best surface roughness is Ra=0.170 µm which has the lowest frictional loss torque and lower leakage rate in three seat rings.
Effect of the sealed blood
This study clarified that the sealed blood greatly affects the torque and leakage characteristics. In addition, the surface roughness on the sealing faces shows a different trend between the lubrication characteristics under blood and water sealing. This is considered that blood-specific characteristics in the sealing gap increase the frictional loss torque while decrease the leakage rate of the sealed fluid. Therefore, it can be said that it is insufficient to design the mechanical seal based on data from only the studies under water sealing.
Conclusions
This study investigates the effect of the surface roughness on the frictional loss torque and leakage characteristics under the blood sealing, using three types of seat rings with the surface roughness of Ra=0.009, 0.088 and 0.170 µm.
The results obtained are as follows:
1. In the seat rings of Ra=0.009 and 0.088 µm, the mechanical seals are operated in the mixed lubrication regime under the blood sealing in almost all measurement ranges, which is different with the trends under the water sealing. On the other hand, the seat ring of Ra=0.170 µm has no noticeable differences between in the lubrication conditions under the blood and water sealing since the seal gap becomes lager. In this experiment, the lowest frictional loss torque is provided by the seat ring of Ra=0.170 µm. Thus, it can be said that from the view point of the torque characteristics, the best surface roughness is Ra=0.170 µm.
2. As the results of the investigations on the leakage rate under the blood sealing, the leakage rate of the sealed fluid is smaller than that under the water sealing. This is considered that the adsorption of blood components such as proteins on the sealing faces result in the decrease of the pressure flow of blood across the seal gap. On the other hand, the C.W. leaks into the blood side by the forcible mixing in the sealing gap, and thus there is no notable difference in the leakage rates of the C.W. between under the blood and water sealing. In this experiment, the leakage rates in the seat rings of Ra=0.170 and 0.088 µm are almost equal and that in the seat ring of Ra=0.009 µm is the lowest. It can be said that from the view point of the leakage characteristics, the seat ring of Ra=0.009 µm is the best.
3. Under the blood sealing, the optimal surface roughness determined from the torque and leakage characteristics are different. From the results obtained here, the seat ring of Ra=0.170 µm is the best.
4. The effect of the surface roughness on the shaft seal characteristics under blood sealing is different compared with that under water sealing. Therefore, it can be said that it is insufficient to design based on data from only the studies under water sealing. 
